ince their discovery, putative roles of the neurotrophic factors have been extensively explored in the CNS and PNS. Localization of the factors and their receptors and their putative roles have been and are being investigated with a wide variety of techniques. The advent of molecular biological techniques, including the propagation of transgenic mice with selective or generalized over-or underexpression or deletion, has been instrumental in demonstrating the vital and complex role that the neurotrophic factors play in differentiation and survival of neurons and glial cells during embryonic and postnatal development of the CNS and PNS. In the adult nervous system, the role of the neurotrophic factors in neuronal survival and capacity for axon regeneration has also been the subject of considerable investigation both with respect to nerve injuries in the CNS and PNS and to neurological diseases that include Parkinson and Alzheimer diseases.
neurotrophic factors, in contrast, opened a Pandora's box. An important example is that of the purified active agent of the mouse tumor sarcoma, which was termed nerve growth factor (NGF) on the basis of the original dramatic demonstrations of neurite outgrowth from isolated chick embryonic sympathetic nerve ganglion in vitro (Fig. 1A) . 58 This terminology was, in hindsight, unfortunate, because the functional name thereafter promoted a subsequent explosion of studies of the effects of this neurotrophic factor on nerve growth. The most striking and conclusive study was that of Levi-Montalcini herself, who demonstrated extensive axonal outgrowth in the CNS and PNS in vivo in response to exogenous NGF (Fig. 1B ). Yet it is now recognized that elevations in the level of endogenous NGF and subsequent NGF-dependent rise in the level of BDNF also mediate inflammatory pain and asthma. 7, 20, 77 Hence reference to "growth" in the names of the neurotrophic factors should be interpreted with care.
Yet, the evidence for exogenous neurotrophic factors promoting more axons in nerve stumps distal to crush and transection injuries, more axons within nerve grafts and conduits, and positive functional outcomes of axon regeneration from walking track analyses has been used, to gether with evidence of neurite outgrowth in vitro, to support the view that neurotrophic factors play an important role in PNS nerve regeneration 38, 44, 46, 59, 60, [66] [67] [68] [69] 71, 75, 95, 96, 101 (as described in reviews 21, 32, 34, 62, 64, 74, 91 ). The studies of the effectiveness of neurotrophic factors in promoting axon regeneration in the CNS have also relied on morphological assessment of axon growth and behavioral outcomes 15, 16, 26, 43, 78, 79, 92, 94, 98 (as described in reviews 10, 47, 57, 61, 63, 70, 90, 93 ). While morphological and functional evaluations of nerve regeneration have the potential for clinical relevance, the data interpretation has been confounded by the fact the morphological evaluations do not take into account the normal outgrowth of many axonal sprouts from the nerve stump proximal to the injury in both PNS and CNS studies of axon regeneration. 29, 34 Counts of regenerating axons within nerve grafts or conduits do not necessarily reflect increased axon regeneration from the proximal nerve stump. The study of Aitken and colleagues 3 was seminal in its findings that each proximal axon can give rise to as many as 20 axons regenerating into the distal nerve stump. Hence the ratio of the regenerating axons in the distal nerve stump and axons in the proximal nerve stump could be as high as 20:1. After target reinnervation, the ratio of regenerated axons in the distal nerve stump as compared with the axons proximal to the nerve injury and repair is 5:1. 65 This ratio is progressively and slowly reduced as the supernumerary branches are withdrawn over a lengthy period of more than 2 years in rats. 65 This striking emission of many regenerated axons by each neuron, the regenerating unit, is frequently referred to as sprouting from the proximal nerve stump with several axons entering into single endoneurial tubes in the distal nerve stump. Hence, morphological analysis Reprinted with permission from Sinauer Associated, Inc. B: Illustration of the sympathetic nerve fibers in newborn rats that normally innervate peripheral tissues such as blood vessels and of the same fibers in newborn rats into which NGF is injected into the brain The injected NGF diffused from the injection site to the spinal cord and reached the adjacent sympathetic ganglia through the ventral and dorsal roots. NGF promoted abnormal and diffuse projection of these fibers in both the peripheral (nerves in blue) and central nervous systems (nerves in red). Adapted from reference 58 and reprinted with permission from Carol Donner.
of regenerating axons cannot, without independent measures of regenerative capacity of the axotomized neurons, differentiate the process of axonal sprouting from single axons in the proximal nerve stump from the regeneration of axons from several of the proximal axons.
The potential effect of the neurotrophic factors in promoting sprouting as opposed to promoting axon regeneration can be resolved using fluorescent dyes that are transported retrogradely to the cell body in order to enumerate how many neurons regenerate their axons-an independent measure of regenerative capacity of axotomized neurons that may be combined with the morphological counts and analysis of the regenerated nerves distal to the injury site. Fluorescent retrograde and anterograde labeling of regenerating axons can resolve the process of regeneration. Fluorescent dyes such as fluoro-ruby (dextran tetramethylrhodamine, D-1817; Invitrogen), Fluoro-Gold (Fluorochrome, Inc.), or fast blue are applied to the distal nerve stump at different times after nerve injury and surgical repair. Their visualization in the neuronal cell bodies in the spinal cord and in the dorsal root ganglia permits the enumeration of the neurons that regenerate their axons. These counts can be combined with axon counts to allow determination of both regenerative success and sprouting capacity. 5, 11, 12, 14, 17, 18, 22, 37, 39, 40, 42, 50, 84, [86] [87] [88] [89] Visualization of regenerating axons in transgenic mice that express a visible protein such as green fluorescent protein (GFP) under a specific neuronal promoter provides a measure of the distance over which axons regenerate. 23, 24, 45, 73, 95 In this review, the evidence for roles of neurotrophic factors in regeneration of injured PNS nerves is presented in the context of methods that provide good evidence E: Bar graph showing the means (± standard errors of the means) of the number of dye-labeled tibial motoneurons that regenerated their axons 20 mm into the common peroneal distal nerve stump 28 days after immediate cross-suture of the proximal nerve stump of the transected tibial nerve and the distal nerve stump of the transected common peroneal nerve and infusion of saline, a low dose of GDNF (0.1 µg/day), or a low dose of BDNF (2 mg/ day). The infusion was via a mini-osmotic pump to the suture site, which was encased within a 5-mm long Silastic tube. The neurotrophic factors did not significantly alter the number of tibial motoneurons that regenerated their axons after immediate nerve repair. Scale bar = 100 µm (A and B). that indeed neurotrophic factors play a key role in axon regeneration in the PNS. Attention is given to providing evidence that 1) sufficient endogenous sources of neurotrophic factors are normally available to support axon regeneration, and 2) insufficient endogenous sources are available under conditions in which injured neurons regenerate their axons over long distances before the axons remake target connections with muscles and sense organs. Also described is the importance of accelerating the axon outgrowth across the surgical sites of nerve repair where the delays may require months rather than days.
Although there is now considerable evidence for key roles of neurotrophic factors in the survival and axon regeneration of injured CNS neurons, these are beyond the scope and focus of this review. The reader is referred to recent reviews. 15, 27, 28, 48, 63, 70, 72 
Neurotrophic Factors and PNS Axon Regeneration
In the PNS, retrograde labeling of regenerating axons in the distal stump of a rat hindlimb nerve 1 month after transection, immediate nerve repair, and continuous exposure to exogenous BDNF or GDNF, revealed that neither low-dose BDNF nor GDNF affected axon regeneration: the neurotrophic factors did not change the number of neurons that regenerated their axons into the distal nerve stump (Fig. 2) . 11, 12 The profound inhibitory effects of high doses of BDNF on axon regeneration mediated via p75 receptors on neurons 11, 12, 14, 39, 42 and the hypothesized role of high concentrations of BDNF in formation of target connections were recently reviewed in detail 13, 39, 42, 85 and are not considered further here. Thus, despite the several morphological studies that reported positive effects of the same neurotrophic factors on axonal regeneration after immediate nerve repair, the factors did not affect the number of neurons that regenerated their axons (Fig. 2) . Importantly, examination of the number of axons in the distal nerve stump after the exogenous treatment of the cut and repaired peripheral nerves did reveal that, indeed, the neurotrophic factors, administered alone or in combination, had a profound and significant effect of increasing the number of regenerating axons that accompanied each Schwann cell in a regenerating unit (Fig. 3) . 12 Hence, as suspected, the neurotrophic factors did promote extensive outgrowth of axons, with electron microscopic evidence of sprouting (Fig. 3) .
The finding that exogenous BDNF and GDNF promote axon sprouting but do not increase the number of neurons that regenerate their axons after nerve transection and surgical repair does not negate an influence of the neurotrophic factors on axon regeneration. Indeed, the evidence that the neurotrophic factors have a significant effect of increasing the number of neurons that regenerate their axons after prolonged axotomy, argues strongly that the factors play a central role in axon regeneration in the PNS. Endogenous neurotrophins are upregulated in neurons after axotomy and in the denervated Schwann cells in the distal stumps (Fig. 4) . 1, 8, 13, 31, 32, 34, 35, 49, 56, 64, 67, 68, 76, 83, 91 The Schwann cells that myelinate motor and sensory axons show distinctive patterns of upregulation of neurotrophic factors once the axon degenerates within the distal nerve stumps after nerve injury. 51 Denervated motor Schwann cells specifically upregulate BDNF and p75, whereas the sensory Schwann cells demonstrate a much broader spectrum of neurotrophin upregulation, including the expression of pleiotrophin. The latter broad spectrum of changes in the sensory Schwann cells reflects the heterogeneous population of dorsal root ganglion neurons with large-to-small diameter somas and nerve fibers that subserve different sensations of proprioception, touch, temperature, and pain. 98 After immediate repair of injured peripheral nerves where exogenous administration of neurotrophic factors does not increase the number of neurons that regenerate their axons, the regenerating axons in the distal nerve stumps have access to the neurotrophic factors that are expressed within the stumps. These are retrogradely transported to the neuronal cell bodies and together with the increased expression of the neurotrophic factors in the soma of the axotomized neurons are likely quite sufficient to support axonal regeneration. This exposure to endogenous neurotrophic factors accounts for the lack of any positive effect of the exogenous administration of the factors on the number of neurons that regenerate their axons. [11] [12] [13] [14] 42 After delayed nerve repair, however, when the nerves in the proximal nerve stump are prevented from regenerating their axons for long periods or the axotomized neurons regenerate their axons but are prevented from making target connections, a condition of chronic axotomy, even the neurotrophic factor production by the Schwann cells in a freshly denervated nerve stump (of another nerve) is not sufficient to support the outgrowth and regeneration of axons: the number of chronically axotomized tibial motoneurons that regenerated their axons into the freshly denervated common peroneal nerve stumps was significantly less than the number that did so after immediate nerve repair of freshly axotomized and denervated nerves (Fig. 5A) . 11, 14, 36, 42 Under these conditions of chronic axotomy of the motoneurons, exogenous neurotrophic factors were effective in promoting axon regeneration-that is, more motoneurons regenerated their axons when BDNF and/or GDNF were infused continuously at the suture site over the 28-day period of axon regeneration (Fig. 5A) . 11, 12 As shown in the histogram in Fig. 5A , neurotrophic factors were required to be administered continuously over 7 days to reverse the deleterious effect of the chronic axotomy on the regenerative potential of the tibial motoneurons and over a full 30 days to significantly elevate the regenerative potential above normal. These findings suggest that the endogenous supply of neurotrophic factors from Schwann cells and perhaps the fibroblasts in the growth pathway do indeed support regenerating axons as Fig. 4 . Schematic illustrations of the upregulation of neurotrophic factors in axotomized neurons (A) and denervated Schwann cells (B) in the distal stump after axon transection. Neurotrophic factors are upregulated in the soma of axotomized neurons in association with upregulation of growth-associated proteins GAP-43, tubulin, and actin, and with emission of axonal sprouts from the transected proximal nerve stump; in Schwann cells of the endoneurial tubes of the nerve stumps distal to the nerve transection site, BDNF and trkB are rapidly upregulated by the motoneurons as are GDNF and its receptors, ret and FGR-α. The neurotrophic factors are downregulated rapidly, but the expression of the receptors decline more slowly. The upregulation of the factors in the distal nerve stump is greater especially for BDNF but the up-and downregulation of BDNF occurs more gradually than in the motoneurons.
they grow and elongate within the distal nerve stumps as illustrated in Fig. 4B .
Because the expression of the neurotrophic factors and their receptors declines within a week of axotomy in motoneurons and decays considerably more slowlywithin 60 days-in the distal nerve stumps, it is likely that the elevated levels of neurotrophic factors and their receptors in the distal nerve stumps play a critical role in the trophic support of axon regeneration. Especially as axon sprouts from the proximal nerve stumps "stagger" across the suture line such that all the regenerating axons cross the suture line over a 30-day period even after immediate nerve repair, the more sustained period of neurotrophic support from the distal nerve stumps is likely to be very important. 5, 14, 17, 41 In support of this contention, the regenerative capacity of axotomized motoneurons was found to be significantly reduced in heterozygote trkB knockout transgenic mice even after immediate repair (Fig. 5B) . 13, 39, 42 This reduction was seen 6-8 weeks after the nerve transection and surgical repair in the trkB + knockout mice when the number of motoneurons that regenerate their axons across the injury site and into the distal nerve stump normally increases in the staggered fashion described by Al-Majed et al. 5, 14 Yet initially, the motor axonal regeneration in the trkB + mice is significantly improved as compared with the wild-type controls. This improved axonal regeneration during the first month of axon regeneration in the distal nerve stump is probably due to a reduction of the trkB receptors that are expressed in a truncated form on the denervated Schwann cells in the distal nerve stump. There is evidence that these truncated trkB receptors normally reduce axon outgrowth by endocytosing and thereby removing bound trkB ligands from the environment of the growing axons. 33 Reduction in the number of these trkB receptors would increase the availability of the neurotrophin ligands during the previous early phase of axon regeneration when the relatively slow synthesis and release of the neurotrophins is not yet optimum for support of axonal regeneration.
Role of Neurotrophic Factors in Accelerated Axon Outgrowth After Brief Electrical Stimulation
Additional experimental support for a critical role for endogenous neurotrophins in axon regeneration in the PNS is the finding that a brief period (1 hour) of bipolar 20-Hz electrical stimulation of a peripheral nerve proximal to the site of nerve transection and surgical repair promotes an earlier and striking upregulation of BDNF and trkB in the axotomized motoneurons. 4 This accelerated neurotrophic factor upregulation also occurs in sensory neurons and correlates with striking accelerated axon outgrowth across the surgical reunion site after electrical stimulation. 18, 37 A short initial period of a few days is generally accepted to precede a steady rate of axonal regeneration of axons of 1-3 mm/day within the endoneurial tubes. 52, 53, 80 However, the use of retrograde labeling of neurons across the surgical repair site and into distal nerve stumps has made it clear that axon regeneration across the surgical site or even though an area of axon disruption in a crush site is a slow and staggered process. 4, 17 This process of staggered axon regeneration and not the rate of axonal regeneration within the distal nerve stumps is accelerated by brief electrical stimulation. 17, 18 Visualization of the regenerating axons in mice reveals that electrical stimula- A: Thirty days after nerve transection and either immediate or delayed nerve repair in rats, regenerating axons were exposed to fluoro-ruby or to Fluoro-Gold 20 mm from the surgical repair site to count the number of motoneurons that regenerate their axons into the distal nerve stump. When nerve transection was followed by nerve repair 2 months later (delayed nerve repair/chronic axotomy), the number of motoneurons that regenerated their axons 20 mm distal to the repair site increased progressively to a significantly higher number 30 days after nerve repair. * p < 0.05 for difference between the regenerating motoneurons that were treated with neurotrophic factors and the salinetreated control neurons. B: After tibial motoneurons were cut and surgically repaired in wild-type and trkB ± knockout transgenic mice, a regeneration rate of 3 mm/day would predict that all the motoneurons in the wild-type mice would regenerate their axons over a 10-mm distance within a week. Instead there is a prolonged period of axon regeneration with the number of motoneurons that regenerated their axons 10 mm distal to the repair site increasing slowly and progressively over an 8-week period. This slow regeneration process reflects the protracted or staggered axonal regeneration that occurs at the suture site. 5, 17 Although there was an initial period during which enhanced numbers of motoneurons regenerated their axons in the trkB ± transgenic mice, significantly fewer motoneurons regenerated their axons over the 10-mm distance 6 and 8 weeks after immediate nerve repair. Refer to the text for explanations for these results. tion promotes the sprouting of axons into the distal nerve stump, 30 reminiscent of the effect of exogenous BDNF in the surgical site of immediate nerve repair, in promoting sprouting.In both cases, the levels of BDNF and trkB are elevated in the axotomized motoneurons, with the elevation accelerated by the electrical stimulation. 4 Axons that sprout and grow across the surgical site have limited access to the proliferating Schwann cells that migrate from the distal stump. These Schwann cells upregulate neurotrophic factors relatively slowly (Fig. 4B) . It is only when the Schwann cells align in the surgical gap over a period of 5 days or more, 100 and neurotrophins are upregulated in the Schwann cells, that the axotomized neurons can access neurotrophic factors from these Schwann cells. Hence the neuronal source of neurotrophic factors is likely to be critical during these earlier times of axon outgrowth.
This idea is supported by the fact that electrical stimulation accelerates neuronal expression of neurotrophic factor BDNF and its receptor trkB and accelerates axon outgrowth across the surgical gap into the nerve stump. 4, 5, 22, 25, 37 Knockout of NT-4/5 in neurons in transgenic mice, whose regenerating axons grow into the allografts of a distal nerve stump from normal wild type mice, significantly reduces axon elongation in the allograft and counteracts the positive effect of the 1-hour electrical stimulation in promoting elongation of the regenerating axons. 24, 25 In accordance with these findings, the upregulation of BDNF and trkB in the brain and spinal cord in response to exercise is likely to account for the increased length of regenerating axons that follows daily 1-hour continuous treadmill exercise over 10 days. 81 Hence it is likely that upregulation of neurotrophic factors in the neurons plays a key role in axon outgrowth from axotomized neurons, with additional support being provided by Schwann cells in the growth pathways of the cell-lined endoneurial tubes in the distal nerve stump.
Cyclic AMP, Neurotrophic Factor Synthesis, and Axon Regeneration
The growth-associated genes of the cytoskeletal proteins actin and tubulin and the growth-associated protein GAP-43 are upregulated after axotomy in concert with downregulation of neurofilament protein.
9 Electrical stimulation for 1 hour accelerates this upregulation such that these genes are expressed at 2 days after nerve transection, repair, and electrical stimulation at levels 3 times higher than the initial expression of the genes in sham-stimulated control nerves after the same nerve transection and surgical repair. 6 The expression of the cytoskeletal proteins and GAP-43 is preceded by the pronounced upregulation of BDNF and trkB receptors in the axotomized motoneurons after nerve repair and electrical stimulation; 4 this upregulation is, in turn, preceded by elevated levels of cAMP in the stimulated neurons (T. Gordon, unpublished data). This early rise in intracellular cAMP levels after electrical stimulation likely follows increased calcium entry into the neuronal cell body. This increased intracellular cAMP, when induced by administration of rolipram, a specific inhibitor of neuronal phosphodiesterase IV, also accelerates axon outgrowth after immediate nerve suture, mimicking the effect of brief low-frequency electrical stimulation. 41 Indeed, pharmacological manipulation of cAMP and downstream protein kinase A (PKA) has the corresponding effects on motoneurons in vitro: elevated cAMP via PKA promotes neurite outgrowth and elongation and reduced cAMP and downstream PKA inhibition retards it. 2 These findings indicate that electrical stimulation via calcium entry elevates cAMP levels and then, in turn, via PKA enhances gene expression of neurotrophins in the neurons to accelerate axon outgrowth (Fig. 6 ).
Summary and Conclusions
In summary, quantitative techniques have been used to enumerate the neurons that regenerate to distinguish axon regeneration from axonal sprouting that results in higher distal to proximal axon numbers. These techniques have been critical to providing a systematic evaluation of the role of neurotrophic factors derived from Schwann cells and the neurons themselves in axonal regeneration. The findings provide strong support for endogenous neurotrophic factors of axotomized neurons and of denervated Schwann cells playing a critical role in promoting axon regeneration. Indeed, as the expression of neurotrophic factors in the neurons and the Schwann cells declines with time, 50 there is a corresponding decline in the capacities of chronically axotomized neurons to regenerate and for chronically denervated Schwann cells to support regenerating neurons and their axons. These findings provide the basis for promoting techniques such as retroviral infection of neurons and their Schwann cells to sustain neurotrophic support. It must be noted, however, that levels of these factors are important because, in the case of the neurotrophic factors that mediate their effects via trk and p75 receptors, high concentrations of neurotrophic factors that mediate their effects via p75 rather than trk receptors, such as BDNF, inhibit axon growth and may even promote neuronal death. 11, 14, 39 Hence, both the biological timing and the expression levels of the neurotrophic factors are critical in promoting axon regeneration.
Surgical repair of injured peripheral nerves is frequently delayed in patients who suffer nerve trauma, especially when there is extensive tissue damage or when the nature of the nerve injury must be clarified. Even after immediate nerve repair, substantial periods of time elapse between surgical repair and the expected time of arrival of regenerating axons at denervated targets. Indeed, for injuries to the brachial plexus, for example, delays of years may ensue. 39, 42, 85, 87 Under these conditions, it is likely that exogenous sources of neurotrophic factors are required for axon regeneration. In light of the capacity of brief electrical stimulation to upregulate endogenous neurotrophic factors, the possibility that the stimulation may suffice to promote axon regeneration in humans is enticing. Importantly, recent findings that 1 hour of electrical stimulation of the proximal nerve stump at the time of carpal tunnel release was sufficient to promote the regeneration and reinnervation of all axons, in contrast to little reinnervation without the stimulation, indicate that, indeed, the stimulation may be sufficient to accelerate axon regeneration in human patients with nerve injuries and surgical repair. 41 Pharmacological elevation of cAMP levels is sufficient to overcome the inhibitory environment of the myelin in the CNS and to thereby promote axon regeneration. 15, 16 Elevation of cAMP in vitro promotes neurite outgrowth on CNS myelin; and in the CNS in vivo, rolipram is effective in elevating cAMP levels sufficiently to enhance regeneration. It is likely, however, that the coordination of neurotrophic factor expression and elevation of cAMP levels is even more critical in the CNS for promotion of axon regeneration.
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